Abstract Osteopontin (OPN) plays an important role in left ventricular (LV) remodeling after myocardial infarction (MI) by promoting collagen synthesis and accumulation. This study tested the hypothesis that MMP inhibition modulates post-MI LV remodeling in mice lacking OPN. Wild-type (WT) and OPN knockout (KO) mice were treated daily with MMP inhibitor (PD166793, 30 mg/kg/day) starting 3 days post-MI. LV functional and structural remodeling was measured 14 days post-MI. Infarct size was similar in WT and KO groups with or without MMP inhibition. M-mode echocardiography showed greater increase in LV end-diastolic (LVEDD) and end-systolic diameters (LVESD) and decrease in percent fractional shortening (%FS) and ejection fraction in KO-MI versus WT-MI. MMP inhibition decreased LVEDD and LVESD, and increased %FS in both groups. Interestingly, the effect was more pronounced in KO-MI group versus WT-MI (P \ 0.01). MMP inhibition significantly decreased post-MI LV dilation in KO-MI group as measured by Langendorff-perfusion analysis. MMP inhibition improved LV developed pressures in both MI groups. However, the improvement was significantly higher in KO-MI group versus WT-MI (P \ 0.05). MMP inhibition increased heart weight-to-body weight ratio, myocyte cross-sectional area, fibrosis and septal wall thickness only in KO-MI. Percent apoptotic myocytes in the non-infarct area was not different between the treatment groups. Expression and activity of MMP-2 and MMP-9 in the noninfarct area was higher in KO-MI group 3 days post-MI. MMP inhibition reduced MMP-2 activity in KO-MI with no effect on the expression of TIMP-2 and TIMP-4 14 days post-MI. Thus, activation of MMPs contributes to reduced fibrosis and LV dysfunction in mice lacking OPN.
Introduction
Osteopontin (OPN), also called cytokine Eta-1, contains Arg-Gly-Asp-Ser cell-binding sequence and interacts with avb1, avb3, and avb5 integrins and CD44 receptors [1] . Heart expresses OPN at low levels under basal conditions [2, 3] . However, expression of OPN increases markedly under several pathophysiological states [2] [3] [4] [5] . Using OPN knockout (OPN KO) mice and myocardial infarction (MI) as a model of myocardial remodeling, our laboratory demonstrated that increased OPN expression plays an important role in regulating post-MI LV remodeling by promoting collagen synthesis and accumulation [2] .
The extracellular matrix (ECM) of the heart is considered to play an important role in LV remodeling. Homeostasis of ECM (degradation and accumulation) is controlled by zinc-dependent interstitial enzymes, matrix metalloproteinases (MMPs), and their tissue inhibitors (TIMPs) [6] [7] [8] [9] . Of these, expression of MMP-2 is of particular interest because MMP-2 degrades ECM substrates including Type IV collagen, laminin, elastin, and interstitial fibrillar collagen [10, 11] . Cardiac-specific expression of MMP-2 induces development of cardiac contractile dysfunction in the absence of superimposed injury [12] . Targeted deletion of MMP-2 attenuates early rupture and improves percent fractional shortening (%FS) in mice post-MI [13] . MMP-2 is also shown to be associated with increased cardiac myocyte apoptosis following b-AR stimulation [14] .
OPN is suggested to modulate the activity of matrix metalloproteinases (MMPs) in various cell types [15] [16] [17] . OPN mediates effects of cell-matrix and cell-cell interactions by interacting with several integrins [18] [19] [20] . Previously, we have provided evidence that OPN inhibits interleukin-1b-stimulated increases in the expression and activity of MMP-2 and MMP-9 in isolated adult rat cardiac fibroblasts [17] . Here, we tested the hypothesis that MMP inhibition influences post-MI LV remodeling in mice lacking OPN.
Materials and methods

Vertebrate animals
All experiments were performed in accordance with the protocols approved by the Institutional Animal Care and Use Committee. Mice lacking OPN (KO mice) and wildtype mice (WT mice) were of a 129X black Swiss hybrid background [21] . Genotyping was carried out by polymerase chain reaction analysis using the primers suggested by Liaw et al [21] .
Myocardial infarction and MMPs inhibition
Age-matched mice (*4 months) were subjected to MI by ligation of left anterior descending (LAD) artery as described previously [22] . The sham-operated animals underwent the same procedure except the LAD ligation. MMPs inhibition was achieved by daily oral gavage of PD 166793 (PD; 30 mg/kg body weight/day) starting 3 days post-MI until 14 days post-MI. PD is a selective MMP inhibitor and does not inhibit other metalloproteases like tumor necrosis factor-a convertase [23] . The dose of PD and time of treatment are chosen based on previously published report in mice [24] .
Echocardiographic studies
In vivo heart function and chamber dimensions were assessed using a Toshiba Aplio 80 Imaging System (Tochigi, Japan) equipped with a 12-MHz transducer (PLT-1202S) as described [25] . M-mode tracings were used to measure LV wall thickness, and end-systolic (LVESD) and end-diastolic dimensions (LVEDD). Percent fractional shortening (%FS) and ejection fractions (EF) were calculated [26] . Measurements were averaged from nine different readings per mouse.
Langendorff preparation
Langendorff perfusion was carried out by the method described [2] . The hearts were paced at 7 Hz. A small fluid-filled balloon was placed in the LV and connected to a pressure transducer for determination of LV pressures. Systolic and diastolic pressure-volume relationships were determined by increasing the LV balloon volume in 5-ll increments using an airtight Hamilton syringe. The balloon volume was increased until peak LV developed pressure was reached and a further increase led to decrease in LV developed pressure.
Morphometric studies
After Langendorff studies, the intra-LV balloon was filled to a diastolic pressure of 5 mmHg, and the hearts were arrested in diastole with KCl (30 mmol/l) followed by perfusion fixation with 10% buffered formalin. Hearts were weighed and cut into 3 slices (apex, mid-LV and base) and paraffin embedded. The morphometric analyses, including myocyte cross-sectional area and fibrosis, were carried out on Masson's trichrome-stained sections (4 lm) using Bioquant image analysis software (Nashville, TN). To measure myocyte cross-sectional area, suitable areas with nearly circular capillary profiles and myocyte nuclei were used.
TUNEL-staining
To detect apoptosis, terminal deoxynucleotidyl transferasemediated dUTP nick end-labeling (TUNEL) staining was carried out on 4-lm-thick paraffin embedded sections as per manufacturer's instructions (cell death detection assay kit, Roche) as described [27] . TUNEL-positive nuclei clearly seen within the cardiac myocytes were counted. The index of apoptosis was calculated as the percentage of apoptotic myocyte nuclei/total number of nuclei.
Western blot analysis
Lysates from LV tissues were prepared in ice-cold RIPA buffer as described [27] . Proteins (75 lg) were electrophoresed and transferred onto PVDF membrane. The membranes were incubated with antibodies against MMP-2 or MMP-9 (Chemicon Inc.), and TIMP-2 (Santa Cruz Biotech) and TIMP-4 (Chemicon Inc). The immune complexes were detected using chemiluminescence reagents (Pierce Biotech.). The membranes were stripped and probed with GAPDH antibodies to optimize protein loading in each lane. Band intensities were quantified using Kodak photodocumentation system (Eastman Kodak Co.). The data are expressed as fold change vs. WT-sham.
In-gel zymography MMP activity in LV tissue lysate containing 50 lg of protein was measured using gelatin in-gel zymography [17] . Clear and digested regions representing MMPs activity were quantified using a Kodak documentation system, and molecular weights were estimated using prestained molecular weight markers.
Statistical analyses
Data are represented as mean ± SE. Data were analyzed using student's t tests or one-way analysis of variance (ANOVA) and a post hoc Tukey's test. Probability (P) values of \0.05 were considered to be significant.
Results
Morphometric studies
There was no significant change in the body weights 14 days post-MI with or without MMP inhibition. Mortality rate was the same in the two groups with or without MMP inhibition. MI size, measured as a percentage of the LV circumference, was not different between WT-MI and KO-MI groups (Table 1) . MMP inhibition had no effect on MI size. The heart weight-to-body weight (HW/BW) ratio was increased in both MI groups. However, the increase in HW/BW was significantly higher in WT-MI as compared to KO-MI group. MMP inhibition increased HW/BW ratio in KO-MI group (P \ 0.05; KO-MI ? PD versus KO-MI, Table 1 ), not in WT-MI.
Echocardiographic parameters M-mode echocardiography showed no difference in LVESD, LVEDD, septal wall thicknesses, %FS and EF (%) between the WT and KO groups at base line. MI increased LVEDD and LVESD in both MI groups. However, the increase in LVEDD and LVESD was significantly higher in KO-MI as compared to WT-MI and sham groups (P \ 0.001 versus KO-sham; P \ 0.05 versus WT-MI; Table 2 ). MMP inhibition decreased LVEDD and LVESD in both MI groups. The decrease in LVEDD and LVESD was significantly higher in KO-MI ? PD group (P \ 0.01 versus KO-MI; Table 2 ). Percent FS and EF (%) were significantly decreased in both MI groups. However, the decrease in %FS and EF (%) was significantly higher in KO-MI group as compared to WT-MI. MMP inhibition attenuated MI-induced decreases in %FS and EF (%) in both MI groups. Interestingly, this attenuation in %FS and EF (%) was significantly higher in KO-MI ? PD group. Septal wall thicknesses (diastolic and systolic) were increased in both MI groups. However, the increase in septal wall thicknesses was significantly lower in KO-MI group when compared to WT-MI. MMP inhibition increased septal wall thicknesses in only in KO-MI group.
LV pressure-volume relationships
Langendorff perfusion analysis indicated no differences in the LV end-diastolic pressure (LVEDP)-and LV developed pressure (LVDP)-volume relationship between the two sham groups (Fig. 1) . The LVEDP-volume curve exhibited a significant rightward shift in both MI groups. However, this rightward shift was greater in KO-MI group when compared to WT-MI, indicating greater LV dilation in KO-MI group. MMP inhibition decreased this rightward shift in the curve in the KO-MI group, not in WT-MI (P \ 0.05 vs. WT-MI ? PD; Fig. 1a) . The LVDP-volume relationship was significantly decreased in KO-MI group as compared to WT-MI and sham (P \ 0.05 vs. KO-sham and WT-MI; Fig. 1b) . MMP inhibition significantly improved LVDP in both MI groups. However, this improvement was significantly higher in KO-MI ? PD when compared to WT-MI ? PD group (P \ 0.05 vs. WT-MI ? PD).
Myocyte cross-sectional area Analysis of myocyte cross-sectional area using trichromestained sections indicated increased myocyte cross-sectional area in both MI groups. However, the increase in myocyte cross-sectional area which was significantly higher in WT-MI when compared to KO-MI (Fig. 2) . MMP inhibition increased myocyte cross-sectional area only in KO-MI, not in WT-MI group.
Apoptosis and fibrosis
The number of TUNEL-positive myocytes in the noninfarct area was not significantly different between the two MI groups. MMP inhibition had no effect on the number of apoptotic myocytes in either group (percent apoptosis; WT-sham, 0.33 ± 0.03; WT-MI, 0.43 ± 0.06; KO-sham, 0.32 ± 0.09; KO-MI, 0.34 ± 0.07; WT-MI ? PD, 0.31 ± 0.09; KO-MI ? PD, 0.23 ± 0.03; P = NS).
Quantitative analysis of trichrome-stained sections indicated increased fibrosis in WT-MI group as compared to KO-MI (P \ 0.005 vs. KO-MI; Table 1 ). MMP inhibition significantly increased fibrosis only in KO-MI ? PD, not in WT-MI ? PD group (P \ 0.01 vs. KO-MI; Table 1 ).
Expression and activity of MMPs in the heart post-MI MMP (MMP-2 and-9) expression and activity increases rapidly in the heart post-MI [28, 29] . MMP-2 promoter activity in the heart increases within 24 h post-MI, while MMP-9 promoter activity was increased in the heart 3 days post-MI [28] . Here, we first examined MMP expression and activity in the infarct and non-infarct LV regions 3 days post-MI. Western blot analysis indicated increased MMP-2 protein levels to a similar extent in the infarct area of both MI groups. However, increased MMP-2 protein levels were only observed in the non-infarct area in KO-MI group, not in WT-MI (Fig. 3a) . Likewise, MMP-9 protein levels were increased to a similar extent in the infarct area of both MI groups. However, increased MMP-9 protein levels were only observed in the non-infarct area in KO-MI (Fig. 3b) . Analysis of MMP activity using gelatin in-gel zymography indicated increased MMP-2 and MMP-9 activity to a similar extent in both MI groups in the area of infarct (Fig. 4a) . In the area of non-infarct, significant increase in MMP-2 and MMP-9 activities was observed only in the KO-MI group (Fig. 4b) . Analysis of MMP activity 14 days post-MI indicated increased MMP-2 activity in the non-infarct area in both MI groups. However, the increase in MMP-2 activity was significantly higher in the KO-MI group when compared to WT-MI (P \ 0.05 vs. WT-MI; n = 4; Fig. 5 ). MMP inhibition significantly reduced MMP-2 activity in KO-MI group, not in WT-MI group (P \ 0.01 vs. KO-MI; n = 4; Fig. 5 ). Gelatin in-gel zymography did not show a noticeable activity or change in MMP-9 activity 14 days post-MI with or without MMP inhibition in either group (data not shown).
Expression of TIMP-2 and TIMP-4 in the heart post-MI Tissue inhibitors of MMPs (TIMPs) play an important role in regulation of MMPs activity [8, 30] . Therefore, we next measured expression of TIMPs in the heart post-MI. 
Discussion
Expression of OPN increases in the heart during hypertrophy and failure [2, 3, 5] . Mice lacking OPN exhibit greater LV chamber dilation after MI with reduced collagen deposition [2] . Using adult rat cardiac fibroblasts, we have provided evidence that OPN inhibits interleukin-1 b-stimulated increases in MMPs (MMP-2 and -9) expression and activity [17] . The major finding of the present study is that MMP inhibition improves cardiac function in mice lacking OPN after MI. Expression and activity of MMPs (MMP-2 and MMP-9) increases in the infarct LV region of both WT and KO mice 3 days post-MI. However, increase in the expression and activity of MMPs in the noninfarct LV was only observed in the myocardium of mice lacking OPN. MMP-9 activity was undetectable using in-gel zymography, MMP-2 activity increased in the non-infarct LV of both groups 14 days post-MI. However, the increase in MMP-2 activity was significantly higher in mice lacking OPN. MMP inhibition decreased MMP-2 activity only in OPN KO group with no effect on TIMP-2 or TIMP-4 protein levels. An important aspect of early infarct healing is the deposition of collagen, which stabilizes the damaged myocardium [31, 32] . OPN plays an important role in regulating the synthesis and/or deposition of extracellular matrix (ECM) proteins, including collagen [33] . Expression of OPN increases in the heart post-MI [2] . OPN modulates the activity of MMP-2 in various cell types [15] [16] [17] . We have provided evidence that lack of OPN in the heart results in reduced collagen deposition in the heart post-MI [2] . Here, we show that expression and activity of MMP-2 and MMP-9 is significantly higher in the noninfarct LV in mice lacking OPN 3 days post-MI. The increase in MMP-2 activity in the KO group persisted over the next 14 days. These data suggest that increased OPN expression in the heart post-MI modulates MMP expression and activity, thereby playing an important role in regulation of collagen deposition and fibrosis. It is interesting to note that expression and activity of MMP-2 and MMP-9 increased to a similar extent in the area of infarct in both groups 3 days post-MI. This may relate to the infiltration of neutrophils and macrophages expressing MMPs in the area of infarct [29] .
Using Langendorff-perfusion analysis, our laboratory provided evidence that lack of OPN results in greater LV dilation in mice lacking OPN with reduced collagen deposition in the heart 30 days post-MI [2] . In this study, using echocardiography and Langendorff perfusion analyses, we confirm our previous findings and provide evidence of greater systolic dysfunction in mice lacking OPN 14 days post-MI. MI decreased %FS and EF (%) to a greater extent in mice lacking OPN when compared to WT. Interestingly, MMP inhibition improved heart function in both WT and KO mice. However, the improvement in heart function was significantly higher in mice lacking OPN. MMP-2 and MMP-9, expressed in the heart by cardiac myocytes and fibroblasts, are implicated in the progression of left ventricular dilation and development of heart failure. Activation of MMP, specifically MMP-2, is suggested to decrease cardiac tissue tensile strength and cause systolic and diastolic dysfunction [34, 35] . Cardiac-specific expression of MMP-2 induces development of cardiac contractile dysfunction in the absence of superimposed injury [36] . Targeted deletion of MMP-2 attenuates early rupture and improves %FS in mice post-MI [13] . Similar changes were observed in transgenic mice expressing active MMP-2 driven by the alpha-myosin heavy chain promoter [12] . We observed increased MMP-2, not MMP-9, activity in the non-infarct LV only in mice lacking OPN 14 days post-MI. This increase in MMP-2 activity was inhibited by MMP inhibition. Collectively, these studies suggest that interplay of OPN and MMP-2 may play an important role in the regulation of heart function post-MI.
LV chamber enlargement post-MI occurs due to infarct expansion and dilatation of the non-infarcted myocardium. Infarct size measured morphometrically as a fraction of total LV circumference was same in WT and KO hearts post-MI with or without MMP inhibition, suggesting that change in chamber enlargement is most likely due to dilatation of non-infarcted myocardium. Dilatation of the non-infarct LV can occur due to a number of mechanisms including cardiac myocyte apoptosis [37] and/or side-toside slippage of the myocytes [38] in the absence of increased fibrosis. TUNEL-staining assay indicated no significant increase in the number of apoptotic myocytes post-MI in either group. MMP inhibition had no effect on the number of apoptotic cardiac myocytes. Quantitative analysis of fibrosis using trichrome-stained sections indicated that MI increases fibrosis in both groups. However, the increase in fibrosis was significantly lower in mice lacking OPN. These findings are consistent with our previous observations in the heart 30 days post-MI. The new finding of this study is that MMP inhibition increased fibrosis while decreasing chamber diameter in the myocardium of mice lacking OPN. Together, these data suggest OPN affects collagen deposition (fibrosis) by modulating MMP activity, thereby playing an important role in post-MI LV remodeling. Previously, OPN is shown to participate in the hypertrophic response of cardiac myocytes in response to pressure overload [3] . HW/BW ratio and Myocyte crosssectional area was higher in WT-MI vs. KO-MI. Inhibition of MMP increased HW/BW ratio and myocyte cross-sectional area only in mice lacking OPN. These data suggest that OPN-mediated regulation of MMPs may play an important role in cardiac myocyte hypertrophy. Dynamics of ECM and its interaction with cardiac myocytes during mechanical stretch are implicated in the hypertrophy process [39] . Since the components of ECM are substrates for the MMPs, the proteolytic property of MMPs might trigger intracellular signaling cascade involved in mechanical stretch-induced hypertrophy [40] [41] [42] . However, the precise role of OPN and MMPs in the development of myocyte hypertrophy requires further investigation. Of note, lack of MMP-2 is shown to be associated with reduced cardiac myocyte hypertrophy in response to pressure overload [43] .
MMPs degrade various components of the ECM; therefore, MMP activity is tightly regulated in order to check excessive matrix degradation. TIMPs (TIMP-1, -2, -3 and -4), a group of endogenous proteins, inhibit MMP activity [6, 8, 30, 44] . TIMPs bind to the active site of the MMPs in a stoichiometric 1:1 molar ratio, thereby blocking access to extracellular matrix substrates. TIMP-4 shows a high level of expression in human myocardial tissue, while the concentration of TIMP-2 is suggested to determine the role of TIMP-2 in the activation of MMP-2. At low concentrations, TIMP-2 may serve as a receptor for pro-MMP-2, whereas at higher concentrations, TIMP-2 may neutralize MT1-MMP and prevent MMP-2 activation [45] . Western blot analyses of LV lysates indicated no change in TIMP-2 and TIMP-4 protein levels in the non-infarct LV between WT or KO group 14 days post-MI. MMP inhibition had no effect on TIMP-2 or TIMP-4 protein levels in WT or KO groups, suggesting MMP inhibition does not affect expression of TIMP-2 and TIMP-4 in the presence or absence of OPN.
Conclusion
The data presented here provide first direct evidence that deficiency of OPN may increase MMP-2 activity leading to reduced compensatory hypertrophy and decreased interstitial fibrosis. These changes might contribute to LV chamber dilatation resulting in cardiac dysfunction. Our findings provide evidence that MMP-mediated adverse myocardial remodeling in response to MI is attenuated by the presence of OPN in the heart.
Perspectives
Although compensatory responses such as hypertrophy and fibrosis may initially preserve LV function, continued maladaptive structural remodeling may lead to the development of heart failure. Defining the processes that can shift the balance from compensatory hypertrophy and fibrosis to decompensated heart failure may have important clinical implications. The present study demonstrated that lack of OPN results in increased MMPs expression and activity which is associated with decreased fibrosis, hypertrophy, and cardiac function. Increased cardiac fibrosis and hypertrophy leading to improved cardiac function achieved by MMP inhibition may have use in preventing the development of maladaptive myocardial remodeling post-MI during deficiency of OPN.
